22 Ring-forming AAA+ chaperones exert ATP-fueled substrate unfolding by 23 threading through a central pore. This activity is potentially harmful requiring 24 mechanisms for tight repression and substrate-specific activation. The AAA+ 25 chaperone ClpC with the peptidase ClpP forms a bacterial protease essential to 26 virulence and stress resistance. The adaptor MecA activates ClpC by targeting 27 substrates and stimulating ClpC ATPase activity. We show how ClpC is repressed 28 in its ground state by determining ClpC cryo-EM structures with and without 29 MecA. ClpC forms large two-helical assemblies that associate via head-to-head 30 contacts between coiled-coil middle domains (MDs). MecA converts this resting 31 state to an active planar ring structure by binding to MD interaction sites. Loss of 32 ClpC repression in MD mutants causes constitutive activation and severe cellular 33 toxicity. These findings unravel an unexpected regulatory concept executed by 34 coiled-coil MDs to tightly control AAA+ chaperone activity. 35 36 37 38 39 40 41 42 43 AAA+ proteins are key players in protein quality control by targeting misfolded 58
Introduction 44 AAA+ (ATPase associated with a variety of cellular activities) proteins control a 45 multitude of essential cellular activities including DNA replication and 46 recombination, protein transport and quality control, among many others 1 . 47 AAA+ proteins convert the energy derived from ATP hydrolysis into a 48 mechanical force to remodel bound substrates. ATP binding and hydrolysis is 49 mediated by the conserved AAA domain, which also mediates AAA+ protein 50 oligomerization typically into hexameric assemblies harboring a central channel. 51
Substrate remodeling involves a threading activity into the central channel 52 mediated by mobile loops that bind substrates and pull them upon nucleotide-53 induced motions 2,3 . AAA+ proteins gain functional diversity by extra domains 54 that are either fused to or inserted into AAA domains. Extra domains enable 55 targeting of specific substrates but they can also globally control AAA+ protein 56 activity 4 . 57
A high degree of substrate selectivity is equally important to ensure proper 68 functioning of AAA+ proteins and to prevent deleterious activities. Substrate 69 specificity is achieved by adaptor proteins, which bind selective substrates and 70 target them to the AAA+ partner chaperone. Their functions can be additionally 71 controlled by post-translational modifications 12 , counteracting anti-adaptors 72 13, 14 or degradation 15 . Adaptor proteins can furthermore regulate the ATPase 73 activity of AAA+ proteins and couple substrate delivery to ATPase activation 9, 16 . 74 Activity control and adaptor action requires the ATPase activity to be repressed 75 in the ground state, which is key to AAA+ chaperone mode of action. Repression 76 can be achieved by regulatory coiled-coil domains inserted into an AAA module. 77
In the ClpB/Hsp104 disaggregase a long coiled-coil middle domain (MD), 78 consisting of two wings, is forming a repressing belt around the AAA ring to 79 reduce ATPase activity 17, 18 . Adjacent MDs bind to each other by head-to-tail 80 interactions keeping the regulatory domains in place. ATPase repression is 81 relieved by MD dissociation and binding to Hsp70 adaptors that prevent 82 reassociation of MDs with the ClpB/Hsp104 ring 9, 19, 20 . 83
The bacterial AAA+ chaperone ClpC associates with the peptidase ClpP to form a 84 central proteolytic machinery of Gram-positive bacteria. The ClpC-ClpP 85 machinery acts in regulatory and general proteolysis, controlling multiple 86 cellular pathways and differentiation processes and is crucial for bacterial stress 87 resistance and virulence [21] [22] [23] [24] [25] [26] [27] [28] . ClpC activity crucially relies on cooperation with 88 adaptor proteins including MecA, that target specific substrates while 89 concurrently stimulating ClpC ATPase activity 15, 16, 21, 29 high-proteolytic activity in presence of the adaptor MecA (Fig. 1) . Next, we 119 created a series of ClpC MD variants by mutating conserved residues not 120 involved in coiled-coil structure formation ( Supplementary Fig. 1A) . 121
Additionally, we replaced the entire MD (N411-K457) by a di-glycine linker, 122 allowing MD deletion without interfering with folding of the AAA-1 domain. 123
Proteolytic activities of MD mutants were determined using Fluorescein-labeled 124 casein (FITC-casein) as constitutively misfolded model substrate in absence and 125 presence of MecA ( Fig. 1A/B, Supplementary Fig. 1B ). ClpC wild type (WT) 126 together with ClpP exhibited only a low proteolytic activity in absence of MecA 127 and FITC-casein degradation rates were 20-fold increased upon adaptor addition. 128
In contrast, most MD mutants enabled for adaptor-independent FITC-casein 129 proteolysis to varying degrees. ClpC-F436A, ClpC-R443A and ClpC-D444A 130 showed highest activities with degradation rates close to those determined for 131 ( Supplementary Fig. 1C ). Complete degradation of FITC-casein by ClpC-F436A 139 was confirmed by SDS-PAGE ( Supplementary Fig. 2 
), while ClpC WT required 140
MecA to exhibit proteolytic activity. Here, we also noticed MecA autodegradation 141 once FITC-casein was digested, in agreement with former findings for the B. 142
subtilis ClpC/MecA system 15, 16, 29 . We infer that ClpC MD mutants exhibit high, 143
adaptor-independent proteolytic activities, qualifying the M-domain as a 144 negative regulatory element. 145
To further investigate a repressing function of the ClpC MD we determined GFP-146
SsrA degradation activities of selected ClpC MD mutants exhibiting highest FITC-147 casein degradation activities (F436A, R443A, ΔM). GFP-SsrA harbors the 11-148 meric SsrA tag, which is recognized by AAA+ chaperones pore sites [35] [36] [37] . GFP-149
SsrA degradation requires application of high unfolding force in contrast to FITC-150 casein, which is constitutively unfolded. ClpC WT/ClpP efficiently degraded GFP-151
SsrA in a MecA-dependent manner (Fig. 1C) . Surprisingly, ClpC MD mutants did 152 hardly exhibit autonomous degradation of GFP-SsrA in contrast to FITC-casein. 153
ClpC-R443A was partially stimulated upon MecA addition demonstrating that 154 the M-domain mutant can process GFP-SsrA in principle ( Supplementary Fig.  155 3A). We speculated that differences in GFP-SsrA and FITC-casein binding modes 156 might be the cause of the different degradation activities of ClpC MD mutants. 157
Hsp100 N-domains contribute to casein binding 38,39 while their position on top 158 of the AAA-1 ring and central pore site could impede GFP-SsrA binding. We 159 therefore determined GFP-SsrA degradation activities of N-domain deleted ΔN-160
ClpC and respective MD mutants ( Fig. 1D) . GFP-SsrA remained stable in 161 presence of ΔN-ClpC/ClpP, however, the substrate was rapidly degraded by ΔN-162 ClpC-F436A, ΔN-ClpC-R443A and ΔN-ClpC-ΔM (+ ClpP) and degradation rates 163 were identical to those determined for ClpC WT/ClpP with MecA ( Fig. 1E) Supplementary Fig. 4D ). Continuous spiraling of AAA+ proteins is often 207 observed in X-ray structures 17,18,44,45 and ClpC half spirals are similar to these 208 crystal packings. However, the ClpC double spiral is completely open on one side 209 ( Fig. 3A/B, Supplementary Movie1) giving a cradle-like molecule with the 210 peripheral subunits more mobile than the core ones, as shown by lower local 211 resolution ( Supplementary Fig 4E) . Additionally, high-threshold noise on the 212 open part of the spiral indicates higher dynamics of this region, suggesting 213 exchange of subunits. Accordingly, for peripheral ClpC subunits there is not 214 sufficient density to account for all ClpC domains. The overall subdomain 215 organization within the ClpC protomer is similar to that of the ClpC-MecA crystal 216 structures, however domain positions and interactions are different. The AAA+ 217 domains are staggered with a rise of ~ 20 Å per subunit ( Fig. 3B) . N-domains 218 domains are packed between MDs and are displaced so that they lie on top of the 219 adjacent small AAA1 subdomain ( Fig. 3B/C) . The MDs coiled-coils constitute the 220 backbone of the spiral and mediate the spiral head-to-head contacts, which 221 involve residues F436, R443 and D444 providing a structural rationale for the 222 activated states of respective MD mutants ( Fig. 3D) . 223 We envision the helical ClpC assembly as a dynamic inactive resting state, which 224 will interfere with substrate binding, association of the ClpP peptidase and 225 interaction with adaptor proteins. Furthermore, the spiral arrangement of the 226 AAA+ domains results in a displacement of most trans-acting arginine-fingers 227 away from the adjacent nucleotide pocket ( Supplementary Fig. 4F ), thereby 228 affecting ATP hydrolysis and explaining the low ATPase activity of ClpC WT. 229
The S. aureus ClpC-MecA cryo-EM map was reconstructed at 10 Å resolution with 230 ~26,000 particles, (Supplementary Fig. 5A-D) and shows the classical hexameric 231 assembly previously described 30,43 , with MecA interacting with both the MD and 232 the N-domain of ClpC. Additional extra density caps the hexamer and accounts 233 for the N-terminal domain of MecA, whose structure is unknown. Automatic 234 flexible fitting revealed that the hexamer is slightly asymmetric with 5 out of 6 235 subunits more defined (Fig. 3E) 
MecA abrogates head-to-head M-domain interactions 250
To demonstrate direct head-to-head contacts of ClpC MDs we introduced 251 cysteine residues at the tip of the MD (E435C, E437C) to probe for site-specific 252 disulfide crosslinking. These mutations were introduced into ClpC-C311T to 253 avoid interference of the endogenous Cys311 residue. ClpC-C311T/E435C and 254
ClpC-C311T/E437C were active in MecA-dependent protein degradation under 255 reducing conditions ( Supplementary Fig. 6A ). Formation of crosslink products 256 under oxidizing conditions that were fully reverted by addition of reducing agent 257 was observed for ClpC-C311T/E437C but not for ClpC-C311T/E435C and the 258 ClpC-C311T control (Supplementary Fig. 6B ). This documents specificity of 259 disulfide crosslinking and agrees well with the ClpC resting state model, showing 260 E437 residues of two interacting M-domains are facing one another while E435 261 residues are oriented in opposite directions (Supplementary Fig. 6B ). E437C 262 disulfide crosslinking was most efficient in absence of nucleotide or presence of 263 ADP and ATP, and less efficient in presence of ATPγS (Supplementary Fig. 6C ). 264 Importantly, ClpC-E437C crosslinking in presence of MecA was strongly reduced 265 To provide biochemical support for the formation of a large, inactive ClpC resting 273 state we employed chemical crosslinking and size exclusion chromatography. We 274 used the ATPase-deficient ClpC-E280A/E618A variant (referred to as ClpC-DWB), 275 harboring mutated Walker B motifs in both AAA+ domains allowing for ATP 276 binding but not hydrolysis, facilitating analysis of adaptor or substrate impact on 277 ClpC assembly. We first determined sizes of ClpC assemblies by glutaraldehyde 278 crosslinking ( Fig. 5A) . ClpC-DWB was crosslinked to very large assemblies that 279 were just entering the separating gel in SDS-PAGE in absence and presence of 280 ATP (Fig. 5A) . Addition of MecA allowed for formation of a smaller high 281 molecular weight complex similar in size to crosslinked ClpB hexamers that were 282 used as reference ( Fig. 5A) . Presence of MecA in the crosslinked ClpC-DWB 283 complexes was confirmed by western-blot analysis (Supplementary Fig. 7) . 284
ClpC-F436A-DWB stayed monomeric in absence of nucleotide, indicating that 285 large assemblies observed for ClpC-DWB rely entirely on MD contacts (Fig. 5A) . 286
ClpC-F436A-DWB crosslinking in presence of ATP caused formation of defined 287
ClpC-F436A-DWB complexes that were similar in size to crosslinked ClpB 288 hexamers. These findings confirm the predicted critical contribution of the MD to 289 formation of a large resting state and the role of MecA in converting this 290 assembly into a functional hexamer. 291
We next analyzed sizes of ClpC complexes by size exclusion chromatography ( Fig.  292 5B, Supplementary Fig. 8A ). In absence of ATP ClpC-DWB showed a broad 293 elution profile, suggesting formation of variable assemblies ranging from 294 monomers to hexamers. ATP addition caused formation of larger ClpC 295 assemblies that eluted prior to ClpB hexamers and a 670 kDa standard protein, 296 suggesting formation of ClpC complexes larger than hexamers ( Fig. 5B , 297 Supplementary Fig. 8A ). This was confirmed by static light scattering (SLS) 298 measurements, revealing a molecular mass of ≈ 956 kDa corresponding to a 299 decameric complex, consistent with cryoEM analysis (Supplementary Fig. 8B) . 300
Presence of MecA sharpened the ClpC elution profile and shifted ClpC-DWB 301 fractions to later elution volumes right after the 670 kDa standard protein and 302 now overlapping with ClpB hexamers (Fig. 5B, Supplementary Fig. 8A) . 303
Quantification of co-eluting MecA suggests the formation of a 1: Fig. 8B ) 30, 40 . This indicates that MecA binding shifts ClpC from 307 a large, non-hexameric assembly to a ClpC6/MecA6 complex. We next analyzed 308 the elution profile of ClpC-DWB-F436A. In absence of ATP the MD mutant eluted 309 as defined species right at the elution volume of a 158 kDa standard protein 310 suggesting formation of monomers/dimers (Fig. 5B) . This indicates that the 311 formation of larger assemblies noticed for ClpC WT (-ATP) depends on the M-312 domain, consistent with results from glutaraldehyde crosslinking ( Fig. 5A ) 313
Unexpectedly, ClpC-DWB-F436A showed a broad elution profile upon ATP 314 addition. While the ClpC-DWB-F436A peak fraction eluted right after the 670 315 kDa standard, larger assemblies at earlier elution volumes were also present. We 316 speculated that activated ClpC MD mutants might be capable of recognizing 317 themselves as substrate resulting in formation of larger complexes and 318 explaining the elution profile. Indeed, we observed autodegradation of ClpC-319 F436A, ClpC-R443A and ClpC-ΔM but not ClpC WT in presence of ClpP 320 ( Supplementary Fig. 9 ). To prevent self-recognition of ClpC-DWB-F436A we 321 repeated the size exclusion analysis in presence of substrate casein excess ( Fig.  322 5B). Presence of casein sharpened the ClpC-DWB-F436A elution profile that was 323 comparable to ClpC-DWB/MecA complexes and distinct from ClpC-DWB, 324 suggesting hexamer formation, which was confirmed by mass determination by 325 SLS (587 kDa). In contrast, casein addition did not cause formation of smaller 326
ClpC-DWB complexes (Supplementary Fig. 8B ). To further prove ClpC-F436A 327 hexamer formation, a small cryo-EM dataset of ClpC-F436A with casein and 328
ATPγS was collected and analyzed via 2D classification. Classes indicate that the 329 ClpC-F436A assembles in an hexamer similar to ClpC WT with MecA ( Fig. 5C) and negligible binding to substrate FITC-casein ( Fig. 5D, Supplementary Fig.  336   8C) . In contrast, efficient binding to FITC-casein and ClpP was observed upon 337 addition of MecA and for ClpC-DWB-F436A (-MecA) ( Fig. 5d , Supplementary 338 were similar after 1 h of IPTG-induced protein production ( Supplementary Fig.  350 10A). In case of ClpC-F436A we noticed accumulation of a degradation product 351 upon ClpP coexpression, as also observed in vitro (Supplementary Fig. 9) , 352 suggesting autoprocessing. We observed strong toxicity upon expression of ΔN-353 ClpC-F436A at all temperatures tested while ClpC-F436A expression became 354 lethal at 37°C and 40°C ( Fig. 6A) . Toxicity of ClpC MD mutants was much higher 355 as compared to ClpC-WT and ΔN-ClpC, indicating an essential cellular need for 356
ClpC repression by MDs. Furthermore, toxicity of ClpC MD mutants was 357 dependent on coexpression of S. aureus ClpP, suggesting that uncontrolled 358 protein degradation caused by constitutively activation results in cell death 359 ( Supplementary Fig. 10B) . 360
To further corroborate our findings we explored the physiological consequences 361 of the same ClpC MD mutation in B. subtilis. Here, we deleted the chromosomal 362 copy of the clpC gene (clpC::tet) and re-integrated either clpC wt or clpC-F436A at 363 the amyE-locus under IPTG control. Expression of clpC-F436A but not clpC wt in 364 presence of 100 µM IPTG was highly toxic at all temperatures (30°C -50°C) ( Fig.  365   6B) . Levels of ClpC-wt and ClpC-F436A produced after IPTG addition in cells 366 cultured in liquid medium were comparable, excluding differences in protein 367 levels as reason for toxicity ( Supplementary Fig. 10C) . Importantly, growth of 368 clpC::tet cells was not impaired, demonstrating that toxicity of ClpC-F436A 369 reflects a gain-of-function phenotype and is not caused by loss of adaptor 370 interaction ( Fig. 6B) . Together these findings demonstrate an essential role of 371 MD mediated activity control for cellular viability. 372
The Hsp100 family members ClpE and ClpL harbor a coiled-coil MD that is 373 similar in size to the ClpC MD and also displays some sequence homology. 374
Notably, F436 and R443, identified here as key MD residues in ClpC activity 375 control, are largely conserved in ClpE and ClpL M-domains (Fig. 6C) . This 376 suggests that the role of M-domains as crucial negative regulators of Hsp100 377 activity is conserved in other family members. To test for a conserved regulatory 378 function we generated the B. subtilis ClpE-Y344A MD mutant corresponding to 379 ClpC-F436A. clpE wt and clpE-Y344A copies were integrated at the amyE-locus in 380 B. subtilis wild type cells under control of an IPTG-regulatable promoter. B. 381 subtilis cells do hardly express endogenous clpE at non-stress conditions 47,48 382 thereby allowing mutant analysis without interference of ClpE WT copies. 383 Expression of clpE-Y344A but not clpE wt in presence of 100 µM IPTG was highly 384 toxic to B. subtilis cells at all temperatures tested (30°C -50°C) (Fig. 6D) . ClpE 385 WT and ClpE-Y344A were produced to similar levels underscoring that toxicity is 386 caused by deregulation of the ClpE MD mutant (Supplementary Fig. 10D ). This 387 suggests that ClpE MDs are also essential to downregulate ClpE activity 388 preventing cellular toxicity. 389 390 Discussion 391
In the presented work we established a new mechanism of activity control of 392 ClpC, a central AAA+ chaperone widely distributed among Gram-positive 393 bacteria. We show that coiled-coil MDs control ClpC activity in a unique manner 394 by sequestering ClpC molecules in an inactive resting state. 395
Our findings extend the role of coiled-coil MDs as regulatory devices controlling 396 AAA+ protein activity. MDs of the ClpB/Hsp104 disaggregases function as 397 molecular toggles, which are crucial for AAA+ protein repression in the ground 398 state and activation by an Hsp70 partner chaperone 9,18-20,49 (Fig. 7) . Repression 399 by ClpB/Hsp104 MDs relies on formation of a repressing belt around a canonical 400 AAA+ ring by interacting with AAA-1 domains and neighboring MDs. 401
Intermolecular head-to-tail contacts between long MDs (~ 120 residues forming 402 two wings) are crucial to keep MDs in a horizontal, repressing conformation 17 403 ( Fig. 7) . Hsp70 binding to the tip of one wing breaks MD interactions and leads 404 to ClpB activation. 405
ClpC MDs cannot function in the same manner due to their reduced size (~ 50 406 residues forming a single wing), which is too short to span the distance between 407 neighboring subunits in a hexameric assembly. Instead, ClpC MDs form 408 intermolecular head-to-head contacts allowing docking of two layers of ClpC 409 molecules arranged in a helical conformation (Fig. 7) . We define this large ClpC 410 assembly as inactive resting state, as it strongly restricts binding of substrates, 411 MDs thereby function as molecular switches, similar to ClpB/Hsp104 MDs, 419 ensuring repression in the ground state and allowing for activation in presence 420 of substrate recruiting adaptors (Fig. 7) . This dual activity is best illustrated for 421 MD residue F436 located at the tip of the coiled-coil structure. F436 is essential 422 for both, intermolecular MD interaction and MecA binding (Fig. 7) . The N-423 terminal domain appears to play an additional role in this switch of 424 conformations, by going from a more hidden position in between MDs in the 425 resting state to a more exposed one, available to MecA or other adaptors. 
ATPase activity 513
The ATPase rate of ClpC and mutants was determined using a coupled-514 colorimetric assay as described before 9 . The assay was carried out at 2 mM ATP 515 in buffer A including 2 mM DTT at 30°C using a FLUOstar Omega plate reader. 516
The final protein concentrations were as follows: ClpC (1 µM), MecA (1.5 µM), 517 casein (10 µM). In presence of casein MecA concentrations were reduced to 0.2 518 µM .The raw data was analyzed using the following equation: 519 520 Images of ClpC were collected using the EPU software on a Titan Krios TEM (FEI) 598 operating at 300kV, using a Falcon 2 direct electron detector (FEI). Images of 599 ClpC in complex with MecA were collected using the EPU software on a Titan 600 Krios TEM (FEI) operating at 300kV equipped with a Gatan K2 Summit direct 601 electron detector and bioquantum energy filter with 20 eV slit. The defocus 602 range was set between -1 and -3 µm with a total dose of 30 electrons/Å 2 in 17 603 frames for ClpC and 50 electrons/Å 2 in 40 frames for ClpC-MecA. Pixel size was 604 1.34 Å/pixel for ClpC and 1.37 Å/pixel for ClpC-MecA. 605
Image processing 606
Movie frames alignment with dose weighting 59 and CTF estimation 60 was 607 performed on-the-fly using a Scipion suite 61 . ClpC particles were picked with 608
Gautomatch and a dataset of ~90.000 particles from 1100 micrographs was 609 generated. ClpC-MecA complex particles were picked using Gaussian picking in 610 RELION 62 and ~500.000 particles from 2100 micrographs were obtained. The 611 initial datasets were subjected to reference-free 2D classification in order to 612 clean the datasets. 613
Initially, for 3D processing of ClpC (Supplementary Fig. 4) , the crystal structure 614 of ClpC-MecA 30 low-pass filtered at 60 Å was used, but the dataset failed to 615 refine. Attempts to use ab initio models generated with Eman2 63 also did not 616 result in high-resolution 3D refinement. As the ClpC assembly appeared much 617 larger in size than the ClpC-MecA hexamer, we generated a cylindrical starting 618 model by filtering to 70 Å two copies of ClpC-MecA stuck back to back with the 619 AAA2 rings in contact. With this starting model ClpC refined to 8.4 Å resolution 620
as estimated with the 0.143 FSC criterion, with visible separated helices. The 621 same result was confirmed by generating an ab-initio starting model using the 622 SGD method implemented in cryoSPARC 64 and refining the structure within the 623 same program suite. Reconstructions with and without C2 symmetry applied 624 were performed ( Supplementary Fig. 4, g-h) to a similar resolution and the C2 625 map was used for display as it allows a better visualization of N-domains. 626
For 3D processing of ClpC-MecA (Supplementary Fig. 5 ) the crystal structure of 627 the B. subtilis ClpC-MecA complex filtered at 60Å was used (pdb code: 3PXI). A 628 large dataset was initially used, but particles were preferentially oriented so a 629 reduced dataset (~30.000 particles) with balanced angular distribution was 630 used to reduce anisotropy. Both asymmetric and six fold symmetric maps were 631 built. Even though the nominal resolution of the symmetrized map was better, 632 the reconstruction appeared over filtered, thus indicating that artifacts were 633 caused by forced symmetrisation. The final map was reconstructed at 11 Å 634 resolution. Local resolution was evaluated using the local resolution tool of 635
RELION. 636
Model building and fitting 637 Models of S. aureus ClpC and MecA were generated using Phyre 65 . The N-638 domain to AAA1 link was refined using the Chimera loops modeller tool 66 . Initial 639 manual fitting was performed and then automatically refines using Imodfit 67 . 
